When stomata of Vicia faba opened (from a stomatal aperture of about 2 micrometers to one of 12 micrometers) the solute content of the guard cells increased by 4 Fujino "proposed that stomatal opening and closing are the result of active transport of potassium ions" (7, 8). Fischer and Hsiao (4) contended that changes in osmotic pressure in guard cells could be entirely due to movement of K. Direct evidence, however, was lacking because of the difficulty of measuring the actual amounts of K in individual guard cells and guard cell volumes.
As early as 1905 Macallum (20) observed accumulation of K in guard cells. Imamura (14) found an abundance of K in the guard cells of open stomata but little in closed ones. He also observed that the "suction force" of guard cells changed during opening and closing without any appreciable changes in their starch content. Imamura suggested that these changes in suction force were caused by swelling and contraction of cell colloids, which in turn were regulated by movement of solutes, particularly K, in and out of the guard cells. Yamashita (30) and particularly Fujino (5) (6) (7) (8) confirmed that the K content in guard cells is correlated with stomatal movement.
Fujino "proposed that stomatal opening and closing are the result of active transport of potassium ions" (7, 8) . Fischer and Hsiao (4) contended that changes in osmotic pressure in guard cells could be entirely due to movement of K. Direct evidence, however, was lacking because of the difficulty of measuring the actual amounts of K in individual guard cells and guard cell volumes.
The electron probe microanalyzer allows in situ assays to be made on samples of only a few cubic microns (1, 9) . It was first used on plant tissue by Liiuchli and Schwander (19) who measured the relative distribution of elements in sections of leaves. We have now applied this method quantitatively and Sawhney and Zelitch (26) have done the same. Unfortunately their procedure contains errors; therefore we are presenting, together with our other results, details of our measuring and calibration technique.
The electron probe microanalyzer can be used for the analysis of many elements, not just K. Thus it provides a means of testing whether the specificity of the stomatal system for K, which was established by Humble and Hsiao (12) in isolated epidermal strips, occurs in intact plants. Accordingly we have measured not only K but also other elements which are likely to be present in quantity as cations in soils and plants, namely Na, Ca, and Mg. We also measured Cl, S, and P to determine which inorganic anions, if any, accompanied the cations taken up during stomatal opening.
MATERIALS AND METHODS
Growth of Plant Material. Vicia faba (var. Long Pod) plants were grown in a potting mixture for 3 to 4 weeks in a growth chamber with a daily light period of 16 hr and an irradiance of 8.5 mw cm' from fluorescent tubes. The temperature was 27 C during the day and 23 C at night, and the relative humidity was about 85%, day and night.
Preparation of Plant Material. Leaves were always taken from the growth chambers about 6 hr after the beginning of the light period so that any possible effects of a diurnal rhythm or previous light treatments on stomatal behavior were the same in all experiments. One of the top four fully expanded leaves was removed from the plant and cut into pieces of about 1 cm X 2 cm. These sections were floated upper surface down on distilled water for 15 min in the dark. Virtually all the stomata were closed at the end of this treatment. After the dark treatment half the leaf pieces were illuminated for 3 hr by General Electric mercury lamps (type H400 RDX 33-1) producing 8.5 mw cm' below a 5-cm water filter. The temperature during the light treatment was 25 to 28 C and during the dark it was 23 to 24 C.
Epidermal strips (approximately 3 mm X 5 mm) were taken from the lower leaf surface at the end of both the light and dark treatments. The strips were pulled off rapidly at an obtuse angle to the exposed mesophyll so that at least 80% of the ordinary epidermal cells were ruptured while the guard cells remained intact (3) . The sets of epidermal strips taken after the light and dark treatments were each divided into three groups immediately after removal. One group was used for measurements of the guard cell volume, the second group was used for determination of guard cell osmotic pressure, and the third group of strips was prepared for electron probe analysis.
Volume Measurements. The depth of guard cells was measured by focusing a microscope first' on the external cuticular ledges of the stomata and then on the bottom of the guard cells where they met with their neighboring epidermal cells.
The distance between the two planes of focus was computed from the readings of the micrometer screw of the microscope. Simultaneously a microphotograph was taken of each stoma thus measured. The projected area and width of each stomatal apparatus were determined on an enlargement of the photograph. These measurements were used to compute the guard cell volumes under the assumption of elliptical cross sections for these cells. These values were reduced by 22% in the case of open stomata and 32% in the case of closed ones to correct for deviations from the idealized shape and the volumes occupied by the cell walls. The volumes of the guard cells from the light were further reduced by 2.4% to account for the volumes of the nuclei and by 8% to account for the space occupied by the chloroplasts. The (13) . We chose Ca(NO.), instead to avoid contamination with Cl which would have invalidated measurements of the Cl content of the guard cells. The washed strips were placed cuticle up on pure silica slides (Amersil Inc., Hillside, N. J.), blotted into position, and rapidly frozen by dropping the slides into liquid N,. Preliminary studies showed that there was no advantage in using isopentane as a -freezing medium. No adhesive was required to hold the strips onto the slides during freezing or during the subsequent freeze-drying. Neither the desorption nor the freeze-drying had any effect on stomatal apertures. The freeze-dried strips were given a very thin carbon film coating in a Varian model VEIO vacuum evaporator. This prevented charging by the electron beam in the microanalyzer.
The strips were examined in an Applied Research Laboratories model EMX-SM electron probe microanalyzer.
Electron Probe Microanalyzer Calibration. One of the greatest difficulties in the absolute calibration of an electron probe microanalyzer is the preparation of adequate standards because of the very small size required. In this work it was found that the standards had to contain in the order of 10'1 g of the elements studied. We finally chose crystals as standards because they are chemically homogeneous and regularly shaped and could be produced in the very small but measurable sizes required.
Crystals of potassium oxalate, potassium chloride, and sodium chloride were grown on pure silica microscope slides as there was a minimal contamination of the elements under study in this supporting medium. Silica was used rather than a pure metal or carbon support because it allowed the crystals to be examined with a transmitted light microscope. The crystals were shaded with carbon from a point source at a known angle to the slide surface in a Bendix-Balzers high vacuum freeze etch unit. This resulted in shadows of the crystals as non-carbon coated areas. Photomicrograph negatives of the crystals and of a stage micrometer were projected on a screen so that the surface area of the crystals could be measured directly by comparison with the micrometer. The lengths of the shadows formed by the carbon coating were also measured and the crystal depths were calculated by trigonometry. The weight of each element in the individual crystals was then calculated from published densities and compositions (28 stomata, all from the same leaf as the one from which the epidermal samples were prepared for the electron probe. The average guard cell volumes (as defined in "Materials and Methods") were 4.8 X 10' liters per stomatal apparatus in stomata from the light and 2.6 x 10-' liters for the ones from the dark.
Changes in Osmotic Pressure. Figure 1 is a plot of the percentages of guard cells plasmolyzed by sucrose solutions of various concentrations. The osmotic pressures of the solutions are those given by Stadelmann (27) . By convention, incipient plasmolysis is assumed to occur if 50% of the cells are plasmolyzed. In Figure 1 Figure 2 . The photographs showing the stomata are secondary electron images from the electron probe and the corresponding distribution and concentration of K in these stomata are shown by the scintillation photographs below. The guard cells of the open stoma can be seen to contain much more K than those of the closed stoma. The contents of most of the epidermal cells surrounding the guard cells were removed during preparation of the epidermal strips and virtually no K can be seen there. The concentrations of K near the closed stoma are in mesophyll residues which can be seen in the secondary electron image. Sawhney and Zelitch (26) have published similar photographs of tobacco stomatal apparatuses.
Profiles across Guard Cells of K, Cl, and P. A more accurate measure of the distribution and amounts of elements was obtained by graphically recording the x-rays produced during the movement of a circular electron beam 0.5 ,um in diameter across the samples. Weight of K(10'-0g) FIG. 4 The actual amounts of K, Na, and Cl calculated from the data in Table I by means of a calibration, which was made at the same time as the data were obtained, are listed in Table II. (Since the calibration curves changed from day to day another curve than that shown in Fig. 4 (Fig. 3) . Thus the K taken up for stomatal opening was not balanced by concurrent uptake of an associated anion containing Cl, S, or P.
DISCUSSION
The electron probe microanalyzer can be used to measure kinds and quantities of elements but normally not their bonding. However, in plants K does not occur in nonionic form and so we assume that it was present as K+.
Thus our application of the electron probe has produced further, more detailed evidence supporting the previous contentions (4, 26) that with stomatal opening K+ moves into the guard cells in amounts sufficient to account for the changes in osmotic pressure and that movements of Cl, P, and S are not important in stomatal opening. This work also confirms that K+ is the specific ion involved in stomatal opening in intact V. faba leaves as was found in isolated epidermal strips by Humble and Hsiao (12) . Although a statistically significant difference was found between the Na+ x-ray counts of open and closed stomata (Table I) the total amount present was less than the resolution of the calibration (Table II) . Willmer and Mansfield (29) found that Na+ had a slightly greater effect than K+ in stimulating stomatal opening in detached epidermis of Commelina communis and so K+ may not be specific for all plants. However Pallaghy (23) has observed that the specificity of cations for light-dependent stomatal opening in isolated epidermal strips of V. faba may be controlled by Ca'. Stomata opened on both 10 mM KCI and 10 mm NaCl in light when Ca' was absent but only on 10 mm KCI when 1 (4, 12) or C. communis (8) .
The K+ uptake into the guard cells was apparently not balanced by concurrent uptake of inorganic anions. The only three elements likely to be present in quantity as anion constituents, Cl, P, and S, were measured with the electron probe. There was not a statistically significant difference between the Cl content of the guard cells of open and closed stomata (Table I) . In one replicate, however, there was a significant difference but the amount present was only a small fraction of the K present. A difference in Cl content can also be seen in Figure 3 but again the total content is small in comparison to K+. There was little apparent difference in S content, nor was measurable S present (Table I ). In Figure 3 the P level is approximately the same in both open and closed stomata. This element appears to be concentrated in the nuclei. Satter et al. (25) found that in Albizzia pulvinuli, which cause the leaflet pairs to open and close by K transport, the P level remained so constant that it could be used as a relative standard in the electron probe analysis of K+ fluxes. Thus it is unlikely that P movement is important in balancing K+ in turgor mechanisms.
Carbonate and bicarbonate were not measured as this is, of (16) found that little HC03-but much K4 was taken up from KHCO. by barley roots. Ionic balance was maintained by production of organic acids, particularly malic acid. Also, Jackson and Adams (15) have concluded that K+ absorption rates of barley roots are independent of the identities, concentrations, and rates of absorption of the associated anions, including bicarbonate. However, it has been postulated (11) , from the indirect evidence of potential differences, that in Chara australis an active pump accumulates bicarbonate ions and that K+ follows passively. So bicarbonate cannot be ruled out although its involvement seems unlikely. The (21) of the initial stages of cell growth involves a similar cation-anion relationship. They found that there was an uptake of K+ balanced by an "internal secretion" of organic anions. Potassium was the preferred cation and was not accompanied by inorganic anions. In preliminary tests it became clear that a 30-min period was necessary for completion of plasmolysis, although this is many times longer than the expected half-time for the exchange of water of a plant cell. Similar times have been used previously (2, 4) . The data were plotted on probability paper because they were in the form of frequencies of occurrence expressed as percentages. The nonlinearity of the plots indicates that the osmotic pressures were not distributed normally. Also, the method may not have been sufficiently precise, although recent determinations of guard cell osmotic pressure (18) (10) .
The line form beam has a number of advantages for quantitative work. The integration of counts over an area of variable concentration, such as a guard cell, is made possible and so a line gives higher precision than a moving or stationary spot. Also, the moving line is superior to a small stationary spot in that it produces less heat damage in the samples and is superior to a large spot because it gave greater x-ray production per unit of time. Sawhney and Zelitch (26) report that the 1-to 2-,um-diameter beam they used noticeably decreased the K content of plant tissue by volatilization if exposures were longer than 50 sec. We did not find measurable differences in x-ray production after repeated scannings of our samples by the line beam. Similarly, we found that crystals of potassium oxalate were disintegrated by continued exposure to a 0.5-,um-diameter stationary spot but remained unaffected when swept with a 50-,um-long beam.
The differences in size between the crystals and the 50-,umlong electron beam did not seem to introduce any error because when two small crystals were scanned at the same time the results still fell on the same calibration curve. One point in Figure 4 was obtained in this way.
The minimal amount of an element detectable by the instrument used approaches 10-g. The results show that this sensitivity was quite adequate for our investigation.
